Objective: Diurnal variations in plasma levels of 1,25-dihydroxyvitamin D (1,25(OH) 2 D) have previously only been investigated in young individuals, and these studies have failed to demonstrate a diurnal rhythm. We have studied whether plasma levels of 1,25(OH) 2 D and vitamin D-binding protein (DBP) vary in a diurnal rhythm in postmenopausal women. Methods: Blood and urine were sampled with 2-and 4-h intervals in order to assess diurnal variations in plasma levels of 1,25(OH) 2 D, DBP and parathyroid hormone (PTH), as well as in plasma levels and urinary excretion rates of calcium and phosphate. Additionally, the free 1,25(OH) 2 D index was calculated (the molar ratio of 1,25(OH) 2 D to DBP). Results: Plasma 1,25(OH) 2 D exhibited a diurnal rhythm ðP , 0:01Þ with a nadir in the morning ð99^12 pmol=lÞ; followed by a rapid increase to a plateau during the day ð113^13 pmol=l; i.e. 14% above nadir level; P ¼ 0:005Þ: A similar pattern of variation was found in plasma levels of DBP with peak levels 15% above nadir levels ðP , 0:01Þ: The free 1,25(OH) 2 D index did not vary in a diurnal rhythm. PTH and plasma levels and urinary excretions of calcium and phosphate exhibited a diurnal pattern of variation. The diurnal rhythm of DBP was correlated with the rhythm of 1,25(OH) 2 D ðr ¼ 0:47; P , 0:01Þ and plasma albumin ðr ¼ 0:76; P , 0:01Þ: Moreover, the rhythm of plasma calcium and PTH varied inversely ðr ¼ 20:36; P ¼ 0:02Þ: Conclusions: With the disclosure of a diurnal rhythm of total plasma 1,25(OH) 2 D, all major hormones and minerals related to calcium homeostasis have now been shown to exhibit diurnal variations. In clinical studies, the diurnal variations of 1,25(OH) 2 D and DBP must be considered, i.e. blood sampling must be standardised according to the time of day.
Introduction
Vitamin D plays a major role in calcium homeostasis and bone turnover. 1,25-Dihydroxyvitamin D (1,25(OH) 2 D) is the predominant biologically active metabolite of vitamin D. In plasma, only a small fraction of 1,25(OH) 2 D is free, as most of it is bound to the vitamin D-binding protein (DBP). The renal synthesis of 1,25(OH) 2 D is tightly regulated by plasma levels of parathyroid hormone (PTH), calcium and phosphate (1, 2) . A diurnal variation is well documented in plasma levels of PTH, as well as in plasma levels and urinary excretion rates of calcium and phosphate, and in biochemical markers of bone turnover. These diurnal variations have been demonstrated in young as well as in elderly men and women (3 -5) . The diurnal changes in plasma levels of PTH, calcium and phosphate may exert important effects on bone remodelling, whereas the diurnal variation in urinary excretion rates and biochemical bone markers may be the result of a diurnal variation in bone turnover, as well as possibly being affected by the time at which food is consumed. Greater amplitude in the diurnal rhythm of PTH has been observed in normal than in osteoporotic subjects (4) and in men than in women (3, 6) . Such rhythms may have clinical implications for the timing of sample collection and assessment of therapeutic intervention.
As the diurnal rhythms of PTH, calcium, phosphate and biochemical bone markers have been shown to be highly interrelated and because of the intimate relationships between calcium, phosphate, PTH and 1,25(OH) 2 D, it seems reasonable to expect that plasma levels of 1,25(OH) 2 D may also vary in a diurnal pattern. Nevertheless, fluctuations in plasma concentration of 1,25(OH) 2 D have only been investigated in a few studies. In young men, Halloran et al. (7) found no apparent diurnal pattern of variation in total plasma concentrations of 1,25(OH) 2 
Subjects and methods
We studied twelve women aged 58 years on average (range 50 -71). All of them were more than 12 months postmenopause. All had previously sustained a distal forearm fracture (at least 6 months prior to entering the study) but were otherwise healthy. They were recruited through a computer database at the two casualty departments at the University Hospital of Aarhus, Denmark. Subjects with illnesses or medications (including hormone replacement therapy) known to affect bone mineral metabolism or with plasma creatinine above 105 mmol/l were excluded. All patients were carefully screened by medical examination and through a standard biochemical investigation. Each individual gave verbal and written informed consent prior to the study. The study was approved by the regional Ethical Committee (Aarhus County no. 1997/4019) and was conducted according to the Declaration of Helsinki II.
Experimental conditions and measurements
All subjects were studied in a clinical research ward for a 24-h period that lasted from 1000 h until 1000 h the following day. Throughout the study period, participants were kept under close staff supervision. Normal activity was allowed during the day. Main meals (ordinary hospital food) were served at 1200, 1800 and 0800 h. Subjects slept from 2400 to 0800 h. Blood samples were drawn at 1000, 1200, 1400, 1600, 2000, 2400, 0400 and 0800 h (fasting) through an indwelling venous catheter placed in a forearm vein. Urine was collected in eight separate collections at the same times as blood samples were drawn to represent intervals between blood sampling. Just before the start of the study (at 1000 h) and at the end of each collection period, subjects were instructed to empty the bladder. Blood samples were allowed to clot for 10 min and then centrifuged for 10 min at 2500 g. Plasma and urine samples for standard chemistry were refrigerated at 5 8C until analysis the next day. We measured plasma total calcium (P-Ca total ), phosphate (P-Ph), creatinine and albumin (P-albumin), as well as urinary calcium (U-Ca) and phosphate (U-Ph) by standard methods on an automated chemistry analyser (Hitachi 917; Roche Diagnostics Corporation, Indianapolis, IN, USA). Plasma calcium was adjusted for individual variations in plasma albumin according to the formula (adjusted plasma calcium): (P-Ca (mmol/l)) ¼ P-Ca total (mmol/l) 20.00086 £ (650-P-albumin (mmol/l)). Additional plasma samples were divided into aliquots and stored immediately at 280 8C until analysis. To reduce analytical variation, calcitropic hormones from each patient were analysed in the same run. For each measured variable, the inter-and intra-assay coefficients of variation (CV) were established in our laboratory.
Plasma intact PTH was measured by an IMMULITE automated analyser using a solid-phase, two-site chemiluminescent enzyme immunometric assay (IMMULITE Intact PTH; Diagnostic Products Corporation, Los Angeles, CA, USA). The inter-and intra-assay CV values were 7 and 6% respectively. Plasma 25-hydroxyvitamin D (25(OH)D) was measured by a two-step procedure. Following extraction from plasma with acetonitrile, 25(OH)D was assayed using an equilibrium radioimmunoassay procedure (DiaSorin Inc., Stillwater, MN, USA). The inter-and intra-assay CV values were 13 and 10% respectively. Plasma 1,25(OH) 2 D was purified from other lipid components in the plasma by an extraction procedure using acetonitrile and a phosphate buffer with subsequent chromatographic purification through a C 18 OH column. Correction was made for the recovery of 1,25(OH) 2 D. Quantification of 1,25(OH) 2 D was achieved by a competitive radioreceptor assay using a calf thymus vitamin D receptor as the ligand binder (1,25-dihydroxyvitamin D kit; Nichols Institute Diagnostics, San Juan Capistrano, CA, USA). The inter-and intra-assay CV values were 10 and 8% respectively. Plasma DBP was measured by an immunonephelometric method as described by Lauridsen et al. (10) . We used a Behring Nephelometer II (Dade Behring, Marburg, Germany) and the interassay CV was less than 5%. As a measure of the free fraction 1,25(OH) 2 D, the free 1,25(OH) 2 D index was calculated as the molar ratio of 1,25(OH) 2 D to DBP.
The individual mean plasma creatinine value was calculated for each urine collection period, using the values at the beginning and end of the collection periods. These mean values were used to calculate renal clearances of creatinine (ClCr). The ratio between the tubular maximal reabsorption of phosphate and the glomerular filtration rate (TmP/GFR) was calculated according to Bijvoet et al. (11) .
Statistical methods
For each plasma response variable, the individual values were plotted against time, and area under the curve was calculated by trapezoidal integration and transformed to a mean integrated plasma value (i.e. the average 24-h level) by division with the length of the study period (24 h). Data are expressed as a percentage of the individual 24-h average value. For each urinary response variable, 24-h renal excretion was calculated as the sum of the individual sample measurements (volume £ concentration). For each collection period, renal excretion was expressed by the excretion rate (mmol/h) as a percentage of the individual 24-h average value. The mean percentage value for each response variable was plotted against time in order to construct a diurnal variation curve.
Normal distribution of data was evaluated using normal probability and detrended normal probability plots. The presence of a diurnal rhythm was assessed (on raw data) in two ways. First, peak and nadir levels were compared using Student's t-test for paired samples or Wilcoxon signed rank test, as appropriate. Secondly, diurnal rhythm was tested as an effect of time by repeated measures ANOVA.
In order to minimise intra-and inter-individual variation, data were transformed into z-scores (difference from intra-individual mean divided by intra-individual standard deviation) allowing the pattern of variation to become more apparent. Relationship between variables was assessed by bivariate and multiple stepwise linear regression analysis. The Pearson's productmoment correlation (r ) was determined between variables using data paired at concurrent time-points. All tests were performed as two-sided and P values less than 0.05 were considered significant. Results are given as means^S.E.M. The study period started at 1000 h and meals were served at 1200, 1800 and 0800 h. Subjects were sleeping (recumbent) from 2400 until 0800 h. 
Results
The clinical and biochemical characteristics of the twelve women are given in Table 1 and Table 2 . Figure 1 shows the mean plasma 1,25(OH) 2 D, DBP and free 1,25(OH) 2 D index curves and the individual levels in the twelve subjects. Inspection of individual curves revealed a large variation in the pattern of the rhythms. However, despite this heterogeneity, diurnal rhythms were apparent in plasma levels of 1,25(OH) 2 D and DBP, and the time-effect analyses disclosed highly significant diurnal patterns of variation ðP , 0:01Þ: Concentrations peaked in the day time, declined in the early evening, with a nadir late at night, followed by rising values in the forenoon. As shown in Table 3 , the peak level of 1,25(OH) 2 D at 1600 h was 14% above nadir level at 0400 h ðP ¼ 0:005Þ: Similarly, the peak level of DBP at 2000 h was 15% above nadir levels at 0400 h ðP , 0:01Þ: However, as the rhythm of total 1,25(OH) 2 D was close to the rhythm of DBP (r ¼ 0:47; P , 0:01; (Fig. 2) , as well as the renal handling of calcium and phosphate (Fig. 3) were all found to exhibit significant diurnal variations (Table 2) . Moreover, a significant difference was observed when peak and nadir levels were compared (Table 3) . The bivariate correlations between examined variables are shown in Table 4 . With 1,25(OH) 2 D as the dependent variable, multiple regression analysis revealed only DPB as an independent factor ðr ¼ 0:47; P ¼ 0:001Þ: Although the bivariate analysis did not show any significant correlation between plasma phosphate and PTH, the multiple regression analysis revealed plasma phosphate as an independent determinant for PTH: P-PTH ¼ 20:46 £ P-Ca þ 0:35 £ P-albumin þ 0:27 £ P-Ph þ 0:0001 ðr ¼ 0:47; P , 0:001Þ: Plasma PTH and albumin were the major determinants of plasma calcium and phosphate: P-Ca ¼ 0.41 £ P-albumin 2 0.37 £ P-PTH þ 0.0008 ðr ¼ 0:55; P , 0:001Þ; and P-Ph ¼ 20:52 £ P-albumin þ 0:18 £ P-PTH þ 0:0007 ðr ¼ 0:54; P , 0:001Þ: Regarding renal excretion rates, urinary calcium varied as a function of: U-Ca¼ 0.61 £ ClCr 2 0.28 £ P-Ph þ 0.20 £ P-1,25(OH) 2 D þ 0.24 £ P-Ca þ 0.19 £ P-PTH þ 0.006 ðr ¼ 0:74; P , 0:001Þ: Similarly, several independent factors were shown to influence renal phosphate excretion rates: ) reported that the plasma levels of 1,25(OH) 2 D, in eleven young males and females (aged 19 -48 years) and five young males (aged 21 -40 years) respectively, were maintained within relatively narrow limits when measured for a 24-h period. The discrepancy between our present and previous studies may have several reasons. The definition of the 1,25(OH) 2 D diurnal curve in our study may reflect an improvement in assay technique. Furthermore, we cannot dismiss the possibility that the use of eleven or fewer subjects in previous studies have limited their ability to observe a time-effect. Finally, our participants were postmenopausal women, who had previously sustained a distal forearm fracture, whereas the subjects formerly studied were healthy young men and women. Changes in indices of calcium homeostasis and bone metabolism have been shown to occur with advancing age. An agerelated increase in PTH and bone turnover as well as an age-related decrease in intestinal calcium absorption and plasma level of 1,25(OH) 2 D have been shown by several investigators (12 -15) . Moreover, a greater amplitude in the diurnal rhythm of PTH has been observed in normal than in osteoporotic subjects (4) . Therefore, the discrepancy between our findings and the results of earlier investigations may be related to differences in the physiological state of calcium homeostasis in the subjects studied.
However, we believe that our findings of a diurnal rhythm in plasma levels of total 1,25(OH) 2 D and DBP most likely reflect alterations in plasma volume, as the diurnal changes in both parameters correlated with the concomitant changes in plasma albumin levels. In normal subjects, blood volume is lower during the day than during the night, as upright posture is associated with a fluid shift from the vascular to the extravascular compartment (16). Thus, the low level of plasma 1,25(OH) 2 D at night is probably not due to a decreased endogenous synthesis of 1,25(OH) 2 D, but is more likely to be the results of nocturnal haemodilution. As plasma levels of DBP also decrease due to haemodilution in the night, the free concentration of 1,25(OH) 2 D seems to remain at a steady level during the day and the night. Nevertheless, several biological functions have been associated with DBP, including binding to cell surfaces that may facilitate the release and subsequent entry of vitamin D into target cells (17, 18) . Thus, the diurnal rhythm in plasma DBP levels may, by itself, be of biological importance.
Our data on the diurnal pattern of plasma phosphate and urinary phosphate excretion rates are consistent with previous studies (19 -22) . The diurnal variation in plasma phosphate is independent of physical activity and it is unaffected by prolonged bed rest, but food intake is a major determinant (20) . Next to PTH, phosphate is the second most important physiological regulator of renal 1a-hydroxylase. High phosphate levels suppress and low levels increase the enzyme activity in accordance with our finding of an inverse relation between the two plasma compounds. In humans, phosphate restriction increases plasma 1,25(OH) 2 D by approximately 180% and phosphate supplementation decreases 1,25(OH) 2 D levels by 60% (23) . However, in our study, total plasma 1,25(OH) 2 D as well as the free 1,25(OH) 2 D index showed a nadir in the morning with an increase in the day time during which regular meals were served. This temporal sequence does not support the concept that the circadian variations in We found a diurnal pattern of plasma total and albumin-adjusted calcium similar to that reported in previous studies with low levels during the night, a peak in the forenoon and high levels during the day (19, 20, 24) . Our finding that plasma calcium and PTH levels correlated negatively is in agreement with most previous studies (24) . Food intake is known to be a major determinant of renal calcium excretion, as a rapid rise in calcium excretion occurs after a meal (6, 22) . We found a highly positively correlation between renal excretion rates of calcium and phosphate that most likely reflects the effect of food intake, i.e. the highest excretion rates of calcium and phosphate are observed during the day when food is consumed. Additionally, plasma PTH and renal excretion of phosphate varied, which may be due to the well-known phosphaturic action of PTH.
Our study has several potential limitations for making general conclusions. The subjects in our study were all postmenopausal women who had previously sustained a distal forearm fracture, and therefore these data do not allow us to ascertain whether the observed pattern of variation in plasma levels of 1,25(OH) 2 D is generally present in humans, or whether it only applies to certain groups of subjects. Furthermore, blood specimens were only sampled every second to fourth hours. Consequently, the times of peak and nadir are approximate, as we did not sample blood and urine specimens every hour. However, as circulating 1,25(OH) 2 D has an estimated half-life of several hours, it is unlikely that a more frequent blood sampling would have markedly improved the definition of the diurnal 1,25(OH) 2 D variation curve (25) .
The food consumed by the participants was ordinary hospital food, and they were asked to consume an amount of food equal to their habitual daily fare. We did not standardise the food consumed, as we wanted to perform our study during normal daily living conditions. If standardisation of mineral intake to a fixed common level had been performed, it could, by itself, cause biological changes due to the slow adjustment of calcium homeostasis and in particular of the skeleton to external challenges (26) . Moreover, we did not measure mineral content in the food served, as we judged that our sample size did not allow for subgroup analyses.
In conclusion, in a group of postmenopausal women, we have shown a significant diurnal pattern of variation in plasma concentrations of 1,25(OH) 2 D and DBP, but not in the calculated free 1,25(OH) 2 D index. Thus, the variations were most likely caused by diurnal changes in plasma volume. In clinical studies, the diurnal variations of 1,25(OH) 2 D and DBP must be considered, i.e. blood sampling must be standardised according to the time of day.
